ABSTRACT
M
R imaging of the lumbar spine with defined specific MR images has gained acceptance as the standard of care for the evaluation of degenerative disk disease. 1 However, the interpretation of these images continues to have much variability. An effort to standardize image reporting brought together multiple national medical societies including the North American Spine Society, American Society of Spine Radiology, and American Society of Neuroradiology. They produced and then updated a consensus document for image descriptions. 2 One segment of the consensus document focuses on the morphology of the lumbar disk as it relates to the location of abnormal disk content with respect to the outer annulus. 2 MR imaging studies evaluating the interobserver and intraobserver reliability of disk morphology by using the definition of the consensus document have been performed. [3] [4] [5] However, these studies lacked analysis of surgical findings for correlation with a criterion standard and, as such, do not provide the highest level of diagnostic evidence.
This study retrospectively classified MR imaging findings in a cohort of consecutive patients with surgically treated disk herniation by using the descriptive definition of abnormal lumbar disk morphology of the multisociety task force, with the aim of providing a high level of evidence for validation of MR imaging by using the combined task force definitions. 2 
MATERIALS AND METHODS
A retrospective review was performed, with approval from the institutional review board of the study site, of the records of 86 consecutive patients (47 men, 39 women; average age, 44 years) who were enrolled between August 2009 and October 2013 in an ongoing prospective clinical trial evaluating the outcomes of sin-gle-level lumbar diskectomy. Inclusion criteria for entry into the prospective study were the presence of a symptomatic single-level lumbar disk herniation, failure of nonoperative treatment, primary radicular pain, and no prior lumbar surgery. Included in prospective data collection was documentation of the intraoperative classification of the herniation as a protrusion, extrusion, or sequestration. For the current study, the intraoperative findings were used as the diagnostic criterion standard because the surgeon is looking directly at the anatomy of the patient. These findings have been used as such in numerous other studies. 6, 7 With continued improvement in imaging, the depiction of a patient's anatomy is becoming clearer and more accurate and is approaching equivalence to looking at it. Surgical cases were from the clinical practice of 3 attending orthopedic spine surgeons from a single institution. Surgeons recorded operative findings that included classifying the disk herniation as a protrusion, extrusion, or sequestration intraoperatively. In the operative field, the outer margin of the annulus was visually identified. A defect of the annulus with disk material outside the annulus was classified as "extrusion." If there were no defect and no disk material outside the annulus, the classification of "protrusion" was made. "Sequestration" was determined if there was disk material separate from the annular defect with no visible attachment to the parent disk.
Of the 86 patients, 1 patient had no disk herniation noted during surgery, which was presumed to mean the disk had resorbed between imaging and surgery, and 3 patients had incomplete surgical data sheets. These cases were excluded. Of the remaining 82 cases, 54 had presurgical MR images accessible by the PACS of the study institution, so these 54 cases were included in the present study.
In preparation for the current analysis, a summary sheet (Online Appendix 1) was created and reviewed by 3 board-certified neuroradiologists, each with a minimum of 15 years of practice experience and a combined average of Ͼ26 years, based on the previously described multisociety task force definitions. 2 Sample cases from daily practice were used in a face-to-face setting to confirm the understanding of the summary sheet definitions before data collection. The MR imaging of each subject (mean, 81 Ϯ 75 days before surgery) was reviewed by 2 board-certified radiologists who were blinded to the patient medical history and operative findings. In the evaluation, the disk level with the most substantial abnormality was classified as a protrusion, extrusion, or sequestration by using both axial and sagittal images. Classifications were confined to a single disk. In cases in which Ͼ1 disk level had abnormalities, only the more severe level was selected. In 1 case in which there was nearly equivalent severity at 2 disk levels, the surgical level was provided to the readers to create a final, imaging-based classification that could be compared with the surgical classification. Any discrepancy between the 2 readers was resolved by a third blinded reader, and a majority consensus evaluation became the final imaging interpretation. Of note, many of the MR images were from different, outside, referring hospitals. However, all cases included sagittal T1-and sagittal and axial T2-weighed images.
Most important, while the surgeons did have the MR imaging available at the time of surgery, they did not have the findings as decided by the study radiologists. Additionally, the surgeons were instructed to make their classifications solely on the basis of their intraoperative observations. While having the MR imaging available to surgeons may have been a potential source of bias, surgeons always use MR imaging to plan for their surgery; thus, in practice, surgeons also have that potential source of bias. Research must be applicable to practice, and blinding surgeons to MR imaging would not mimic practice.
All statistical analyses were performed by using STATA/SE 13.1 (StataCorp, College Station, Texas). Agreement between imaging and surgical classifications was calculated by using the Cohen , as was agreement between imaging assessments. The weighted was not used because disk herniations do not always progress in a standardized manner. A standard 2 ϫ 2 table was used to determine sensitivity, specificity, and predictive values.
RESULTS

Imaging Findings
Of the 54 cases, the 2 readers disagreed in 3. One case had a final diagnosis discrepancy between protrusion and extrusion based on all images. In the other 2 cases, there was a disagreement on disk description as protrusion or extrusion on the axial plane, but both readers described an extrusion on the sagittal images. Thus, the final diagnosis of extrusion was the same for these 2 cases. All discrepancies were resolved by the third reader. Overall, 53 of 54 cases showed agreement in the final diagnosis between readers. Interobserver agreement between the 2 readers was 98% with a of 0.93. There were 8 protrusions, 46 extrusions, and no sequestrations based on imaging findings.
Surgical Findings
Of the 54 surgical cases with MR images, there were 13 protrusions and 40 extrusions, with 2 of the extrusions each occurring in addition to sequestrations. The 1 remaining case had only sequestration and no extrusion.
Imaging and Surgical Agreement
Four cases with an imaging diagnosis of protrusion were found to be extrusions in surgery. Nine cases with imaging diagnoses of extrusion were found to be protrusions in surgery. Whereas imaging data did not reveal any cases of sequestration, in 2 cases with imaging diagnoses of extrusion, surgery showed both extrusion and sequestration; these were considered discrepancies between imaging and surgical findings. In another case, imaging showed extrusion while surgery showed sequestration only. The total number of discrepancies was 16, calculated as an overall agreement of 70% ( ϭ 0.19). Table 1 lists all the discrepancy cases and gives descriptions of the imaging findings.
Sensitivity and specificity of detection of a ruptured annulus were 0.90 and 0.31, respectively ( Table 2 ). The positive predictive value was 0.80, while the negative predictive value was 0.50.
DISCUSSION
Prior studies evaluating imaging interpretation of lumbar disk abnormalities have shown moderate interobserver agreement and substantial intraobserver agreement in cohorts of asymptomatic volunteers and symptomatic patients. 3 One study included expe-rienced readers in a single academic institution; interpretation included descriptions of normal and bulge as well as protrusion and extrusion, with the most common discrepancy occurring between normal and bulge. 3 Another study, by using readers from 1 academic center with a prestudy effort to define the review criteria, found near-perfect interreader agreement (summary ϭ 0.81) for normal/bulge, protrusion, and extrusion/sequestration categories. 4 Other reports replicating conditions close to those of clinical practice by using radiologists from different hospitals with no prior set diagnostic criteria or training showed only moderate interobserver agreement for herniation and fair-to-moderate agreement for disk contour. 5 Most important, all of the above studies lacked a surgical criterion standard.
In the current study, substantial effort was made to decrease interobserver variability, because the primary goal was to evaluate the correlation with surgical findings. Before data collection, the 3 readers discussed the nomenclature by using daily clinical cases from the previous few months. There was extensive discussion about the definitions of protrusion and extrusion, especially on the sagittal images. In the end, the critical point of interpretation among the readers was the exact location of the outer annulus insertion on the vertebral body, which was crucial in discriminating protrusion from extrusion. To better understand this anatomy, the readers reviewed studies in the literature, including pathologic and traumatic conditions, in terms of how they affect the outer annulus insertion site and how it is localized above the bony endplate on the sagittal view. [8] [9] [10] [11] These studies showed that the insertion of the annulus is beyond the bone edge of the disk; this finding creates discrepancies among readers on the insertion site. With this understanding, we went back to the protrusion definition from the combined task force report 2 and noted that the insertion site of the annulus cannot be greater than the maximum height of the disk space in the sagittal plane. For uniformity, we therefore decided to use the disk space height to define the difference between protrusion and extrusion. Thus, any disk morphology less than the maximum sagittal disk height was designated as protrusion. This distinction is depicted in On-line Appendix 2.
After this effort to optimize uniform understanding and agreement of the definitions among the radiologists, there was consensus in the final imaging diagnosis of 53 of 54 cases (agreement, 98%; ϭ 0.93). If the 2 other cases of discrepancy in the axial or sagittal description (which did not affect the final diagnosis) are included, the agreement was 51 of 54, or 94%. These values are at least as good as, if not better than, those previously reported.
Initially the surgical level was not provided to the readers because transitional vertebral levels may have directed the attention to an incorrect surgical level by causing the readers to number the vertebrae differently. Thus, the readers were instructed to report the most severe disk level during the imaging analysis. In 1 case, L5-S1 had moderate central protrusion and L4-L5 had a small foraminal protrusion. The latter, despite appearing less severe, was in fact at the symptomatic level of radiculopathy. In this case, the correct level was indicated to the readers at the time of imaging data collection and before the analysis. Sagittal images show a connection between disk fragments 6 4/5 Extrusion Protrusion On sagittal images, the abnormal disk appears contained by the outer annulus, but the height of the annulus is slightly greater than the disk height 7 4/5 Extrusion Protrusion On sagittal images, the height of the abnormal disk is slightly greater than the disk height 8 5/1 Extrusion Protrusion On sagittal images, the height of the abnormal disk is slightly greater than the disk height 9 5/1 Protrusion Extrusion On the sagittal view, the low signal of the disk and annulus is very difficult to differentiate (Fig 3)  10 4/5 Extrusion Protrusion On sagittal images, the height of the abnormal disk is very similar to the disk height 11 4/5 Protrusion Extrusion On the sagittal view, the low signal of the disk and annulus is very difficult to differentiate 12 4/5 Protrusion Extrusion On sagittal images, the entire annulus is not clearly defined 13 5/1 Protrusion Extrusion On sagittal images, the abnormal disk height is similar to the maximum disk height 14 4/5 Extrusion Protrusion On sagittal images, the abnormal disk height is slightly greater than the maximum disk height 15 5/1 Extrusion Protrusion On the sagittal view, abnormal disk height is much greater than the normal disk height and the outer annulus appears disrupted; in retrospect, the diagnosis is still extrusion by imaging criteria (Fig 4)  16 4/5 Extrusion Sequestration Imaging shows a thin connection between the parent disk and disk the fragment Overall, our accuracy measurements indicate that imaging is better at determining when the annulus is ruptured than it is at determining that the annulus is intact. Analysis of the discrepancies between imaging and surgery (Table 1) showed the following 3 observations: 1) When the height of the abnormal disk material on the sagittal plane is very close to the maximum height of the normal disk, it becomes difficult to differentiate protrusion from extrusion on imaging (Fig 2) . 2) When the disk signal is low on all MR images, differentiation of an abnormal disk from the outer annulus becomes challenging and a small extruded disk cannot be differentiated from a contained (protruded) disk (Fig 3). 3 ) In differentiating extrusion from sequestration, imaging clearly shows a thin connecting tissue, which, by definition, is considered extrusion (Fig 1) . The thin connecting tissue that defines a herniation as an extrusion can be clearly shown on imaging yet not observed in surgery, because the thin sliver of tissue may be very difficult to discern. All discrepancy cases are shown in On-line Appendix 3.
We believe that the effect of variation in imaging parameters on discrepant classifications was minimal in this study. Of the 16 cases with discrepancies, though the magnet strength is not noted in all, most appear to have been performed with at least 1.5T. The TR ranged from 3000 to 5760 ms (a single case at 1000 ms); TE, from 90 to 148 ms; section thickness, between 4 and 5 mm (a single case at 3.6 mm); the FOV, from 24 to 30 cm; and the acquisition matrix, between 256 and 512 (a single case, 240 ϫ 175). The overall range of imaging parameters of all these cases is within the standard for achieving high-quality images, which are also in agreement visually as determined by 2 experienced neuroradiologists. With most of the imaging findings being obvious, ultimately we neither think that these discrepancies are due to slight differences in imaging parameters nor believe that variation in imaging parameters compromises the purpose of this study.
Given that at surgery a defect in the posterior annulus differentiates extrusion from protrusion while in imaging it is the relative size of the herniated disk versus the height of base of the annulus that differentiates the 2 categories, it is somewhat surprising that surgery and radiology agree so often. While the approach is different on imaging versus during surgery, the goal in both cases is to determine whether the annulus is ruptured. Because this can be directly observed intraoperatively, surgical standing has been used as the criterion standard, but advancements in imaging can perhaps better define the outer annulus and an- nular defects. This change would allow a truer imaging prediction of surgical findings. Imaging needs to be better defined so that it can more accurately and more directly determine the presence or lack of an annular defect instead of relying on morphology to provide clues as to the presence or lack of said defect. As imaging improves and this definition becomes possible, it could enable better correlation of symptoms of a disk herniation to the type of herniation and prediction of surgicalversus-nonoperative outcomes for any given patient on the basis of their MR imaging.
This study has a number of limitations. The time between imaging and surgery was 81 days on the average, so progression or resorption of the disk herniation could have occurred from the time of imaging to surgery. One example of this is case 15 (Fig 4) , which, on imaging, was classified as an extrusion but was intraoperatively classified as a protrusion. In addition, the number of cases of sequestration was small, thereby limiting conclusions from analysis of this category. In addition, despite the reasonable (70%) agreement between the imaging diagnosis and surgical findings, the probability of the calculated agreement occurring by chance was high owing to the distribution of classifications, which were mostly extrusions. This is reflected in the low of 0.19. Despite this high probability, we think that the study is representative of actual practice, and increasing the sample size would not have significantly altered the pathology distribution. Additionally, agreement on a surgical classification is generally moderate at best. 12 For disk classification, the agreement on the difference between protrusion and extrusion/sequestration would likely be good, but the agreement on the difference between extrusion and sequestration would likely be moderate at best. However, due to the pathology distribution and our resulting focus on the distinction between protrusion and sequestration/extrusion rather than the distinction between sequestration and extrusion, the effect of this limitation is unlikely to be substantial.
CONCLUSIONS
In this study, which was intended to validate the multisociety combined task force definitions of abnormal disk morphology by using MR imaging with a surgical criterion standard, there was 70% agreement between the imaging diagnosis and surgical findings. Common trends for the discrepancy are described. Future effort may yield better agreement between surgeons and radiologists as to how they describe disk herniation and abnormalities.
